SUMMARY. Strawberry (Fragaria ·ananassa cv. Camarosa) was evaluated to determine a high-frequency shoot regeneration response for leaf and shoot-tip explants. For direct organogenesis from strawberry leaves, combinations of moderate concentrations of thidiazuron [TDZ (0, 2, and 4 mM)] and 6-benzylaminopurine [BAP (0, 4, and 9 mM)] added into medium containing Murashige and Skoog (MS) basal salts were compared. The most shoots regenerated per leaf explant were observed with 4-mM TDZ. Regeneration from shoot tips was evaluated with 0-, 2-, 4-, 8-, and 16-mM zeatin, kinetin, or 6-a,a-dimethylallylamino purine (2ip) tested individually. Optimum shoot proliferation was achieved from shoot-tip explants on medium containing 4-mM zeatin. Rooting was best without cytokinins in the medium; however, adequate rooting was obtained on the 4-mM zeatin treatment as well.
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C ultivated strawberry, a member of the Rosaceae family and the genus Fragaria, is an important crop consisting of more than 20 species (Gaafar and Saker, 2006) and numerous cultivars grown commercially in over 70 countries (Sakila et al., 2007) . Strawberries together with grapes (Vitis vinifera) and cherries (Prunus sp.) are among the few sources of ellagic acid, a polyphenol antioxidant, which has been shown to prevent healthy cells from turning into cancerous tissue (Sakila et al., 2007) . Strawberry production in Malaysia is concentrated in the highland areas, especially in the Cameron Highlands (lat. 42°8#60$N, long. 101°27#0$E, 1448-m elevation) (Sharif et al., 2006) . The most popular cultivar for commercial cultivation in the Cameron Highlands is Camarosa. 'Camarosa' fruit has good flavor, being very sweet with very firm, brilliant red flesh throughout. The excellent internal and external color of the fruit is another good characteristic of 'Camarosa' (Voth et al., 1994) .
Adventitious shoot regeneration in cultivated strawberry was demonstrated using several types of in vitro cultured explants. However, the highest regeneration success was obtained from leaf explants for most of the cultivars analyzed (Passey et al., 2003) . Nonetheless, strawberry cultivars with diverse genetic backgrounds responded differently to the range of regeneration protocols (Passey et al., 2003) .
Hormonal balance is one of the key factors influencing plant regeneration from strawberry explants. Thidiazuron, a substituted phenylurea with its cytokinin-and auxin-like effects, is the most recently studied of the cytokinins (Debnath and Teixeira da Silva, 2007) . There are many reports of improved regeneration capacity with TDZ compared with other cytokinins (Sriskandarajah et al., 2001; Zhang et al., 2001) . The effectiveness of TDZ as a phenylurea type in combination with BAP as an adenine-type cytokinin on in vitro leaf regeneration of strawberry has not been demonstrated. The first objective of this study was to investigate the optimal conditions for in vitro plant regeneration via organogenesis from leaf explants of strawberry using combinations of TDZ and BAP. The use of zeatin as an adenine-type cytokinin to induce adventitious shoot formation has increased during the last few years. There are no reports on the effect of zeatin on strawberry shoot-tip proliferation. The second objective of this study was to determine the most efficient regeneration system, along with root formation from shoot tips using zeatin and 2ip as the naturally occurring cytokinins and kinetin as the synthetic cytokinin.
Materials and methods
SHOOT REGENERATION USING LEAF EXPLANTS. Medium used consisted of MS basal salts (Murashige and Skoog, 1962) , B 5 vitamins (Gamborg et al., 1968) , 3% sucrose, and 0.28% Phytagel (Sigma-Aldrich, St. Louis, MO). Growth regulators included 0-, 2-, and 4-mM TDZ in combination with 0-, 4-, and 9-mM BAP. The medium was dispensed in 60-mL aliquots into 250-mL erlenmeyer flasks. Trifoliate leaves of 'Camarosa' strawberry were obtained from one-month-old in vitro stock plants propagated from runner-tips of strawberry on MS basal salts and vitamins. The edges of the leaves were cut and incisions made on the surface and then cultured with the abaxial side down on the regeneration medium (Fig. 1A) . All cultures were maintained in a culture room at 25 ± 2°C under a 16-h photoperiod of 40 mmolÁm -2
Ás
-1 light intensity provided by cool white fluorescent tubes. Each treatment consisted of 10 explants and the experiment was repeated three times (n = 30). The percentage of explants producing shoots and number of shoots produced per explant were recorded in each treatment after 4 weeks of culture.
SHOOT REGENERATION USING SHOOT-TIP EXPLANTS. Shoot tips (5 to 7 mm) were collected from the onemonth-old in vitro stock plants propagated from runner-tips mentioned earlier. Zeatin, kinetin, or 2ip at 0, 2, 4, 8, or 16 mM was added separately into medium consisting of MS basal salts with B 5 vitamins, 3% sucrose, and 0.28% Phytagel. The medium was dispensed in 60-mL aliquots into 250-mL erlenmeyer flasks. The tips were subcultured three times on the same treatment at 4-week intervals. Each treatment consisted of 10 explants and the experiment was repeated three times. The percentage of explants producing shoots, number of shoots per explant, and percentage of explants producing roots were recorded after 12 weeks of culture.
EXPERIMENTAL DESIGN AND STATISTICAL ANALYSIS. The shoot regeneration experiment using leaf explants was arranged in a completely randomized design (CRD) based on factorial experiment. The shoot regeneration experiment using shoot tips was arranged in a CRD as a single factor experiment. Data were analyzed using analysis of variance and when treatments were significant, means were separated at the 5% level using Duncan's multiple range test (SAS version 9.0; SAS Institute, Cary, NC).
Results

SHOOT REGENERATION FROM LEAF EXPLANTS.
Leaves started to produce shoots after 10 d of culture in the presence of TDZ and after 15 d in the presence of BAP. Figure 1 shows shoot regeneration from strawberry leaf explants after 4 weeks of culture. No callus formation was observed in medium with TDZ and BAP. There were significant interactions between TDZ and BAP concentrations for the number of shoots produced per explant and percentage of explants with shoots ( Table 1) . The most shoots produced per explant (14.3) and highest percentage of explants with shoots (90%) were obtained after 4 weeks of culture on 4-mM TDZ without BAP ( Fig. 2A and B) . In the absence of TDZ, 4-mM BAP produced the most shoots per explant (6.3) after one month of culture, which was less than half of the amount produced with the same concentration of TDZ ( Fig. 2A) . In addition, only 53.33% regeneration of explants was obtained when only 4-mM BAP was included in the medium (Fig. 2B) .
Increasing the TDZ concentration from 2 to 4 mM in the presence of 4-mM BAP reduced the number of shoots produced per explant, whereas the same TDZ increase with 9-mM BAP increased both the number of shoots produced per explant and the percentage of explants with shoots ( Fig. 2A and B) .
SHOOT REGENERATION FROM SHOOT-TIP EXPLANTS. The addition • June 2013 23 (3) of zeatin, 2ip, and kinetin to the medium significantly increased the number of shoots produced per explant and percentage of explants with shoots ( Fig. 3A and B) . Shoots started to proliferate by the first week of culture in the presence of cytokinins. The most shoots produced per explant (16.1), with 97% of explants responding, occurred with 4-mM zeatin after 12 weeks of culture. Increasing the concentration of zeatin to 8 and 16 mM reduced the shoots produced per explant (Fig. 3A) .
Increasing the concentration of kinetin from 2 to 16 mM enhanced the number of shoots produced per explant and percentage of explants with shoots from strawberry shoot tips to 11.3 shoots produced per explant and 90% of explants with shoots on 16-mM kinetin ( Fig. 3A and B) .
The effect of 2ip on shoot proliferation from strawberry shoot tips showed an inconsistent result in terms of number of shoots produced per explant compared with zeatin and kinetin. The most shoots per explant (7.8) was on medium with 8-mM 2ip and 83.3% of the explants produced shoots. Overall, 2ip did not result in high shoot production compared with treatments with zeatin and kinetin.
Shoots produced on the best zeatin, kinetin, and 2ip concentrations were vigorous and grew normally (Fig. 4) . Root formation occurred along with shoot proliferation after the first subculture on all cytokinin treatments as well as on the hormonefree MS medium. After the third subculture, the highest percentage of explants producing roots (93.3%) was on the hormone-free medium (Fig. 3C) . With cytokinin treatments, the highest percentages of explants producing roots were with 2-mM zeatin (67%), with 4-and 16-mM kinetin (53%), and with 2-mM 2ip (73%).
Discussion
SHOOT REGENERATION FROM LEAF EXPLANTS. Our study found significantly more shoots per explant (14.3) and explants with shoots (90%) were obtained with 4-mM TDZ after 4 weeks of culture. A high frequency of direct shoot regeneration from leaves of strawberry 'Camarosa' was reported by Mohamed et al. (2007) after 8 weeks of culture on MS medium containing 9-mM TDZ, with eight shoots per explant and 75% of the explants producing shoots. However, we found that a lower concentration of TDZ was more suitable and economical in a shorter time for shoot regeneration from leaves of 'Camarosa'. TDZ often promoted callus formation, whereas shoot growth was inhibited. In addition, callus formation increased with the number of subcultures while shoot growth was consistently impaired as reported by Gomes et al. (2010) . However, in this study, callus was not formed during regeneration of 'Camarosa'. Indeed, it confirmed that by applying TDZ at low concentrations, callus formation could be harnessed. A regeneration protocol with no callus phase has a marked advantage for transformation; however, it may not be completely free from somaclonal variation (Husaini et al., 2008) .
We found that the most shoots per explant were produced on MS medium containing 4-mM BAP without TDZ (6.3) and 53% of the explants produced shoots. According to Zebrowska and Hortynski (2002) , MS medium with 14.2-or 28.4-mM BAP was optimal for regenerating strawberry shoots from leaves. In mulberry (Morus sp.), 8.88-mM BAP was sufficient to induce 6.4 shoots per leaf explant; increasing the BAP concentration decreased the number and length of shoots formed per explant (Chitra and Padmaja, 2005) . However, based on our results, increasing the concentration of BAP to 9 mM reduced the number of shoots produced per explant and the percentage of explants producing shoots from strawberry leaves.
One of the important factors affecting regeneration efficiency is plant cultivar (Gruchala et al., 2004; Passey et al., 2003; Sorvari et al., 1993) . On medium with optimal hormonal balance, Gruchala et al. (2004) obtained 3.5 shoots per explant in strawberry 'Induka' while only 1.8 shoots per explant were obtained for 'Elista' and no regeneration occurred from leaf explants when auxins were absent. Khan et al. (2006) obtained shoot regeneration from leaves of tomato by adding a-naphthalene acetic acid and BAP. In contrast, Compton and Gray (1993) found increased callus production and decreased shoot formation in watermelon (Citrullus lanatus) when indole-3-acetic acid was added to medium with BAP. However, in this study, our results from leaf explants of 'Camarosa' showed that regeneration could occur with TDZ and BAP either alone or in combination, and without auxins.
Several authors studied dual cytokinin effects on shoot regeneration (Dobranszki and Teixeira da Silva, 2010) . According to Yonghua et al. (2005) and Landi and Mezzetti (2006) , TDZ in combination with IBA promoted high shoot regeneration from strawberry leaves of some octaploid cultivars. Husaini and Srivastava (2006) reported a high frequency of direct shoot regeneration from strawberry leaves on a modified MS medium containing B 5 vitamins, 2% glucose, 5-mM TDZ, 2-mM IBA, and 4-mM BAP. There are no reports on the use of a combination of two cytokinins (TDZ and BAP) without auxin on shoot regeneration from strawberry leaves. In this study, among the combinations of BAP and TDZ, the highest number of shoots formed per explant (5.5) was achieved with 4-mM TDZ and 9-mM BAP; this treatment had significantly less shoot formation compared with all treatments containing TDZ alone ( Fig. 2A) . Nevertheless, in terms of percentage of explants producing shoots, this combination treatment had reasonably high shoot production (73%) (Fig. 2B) . These results confirm the importance of TDZ as a cytokinin for increasing shoot production and the percentage of strawberry leaves responding. This was also reported to be effective for shoot regeneration from strawberry shoot tips as well (Haddadi et al., 2010) .
SHOOT REGENERATION FROM SHOOT TIPS. The effect of zeatin, kinetin, and 2ip has been demonstrated on regeneration and proliferation of many crops. In this study, the shoots formed on zeatin-containing medium elongated well and no callus formation was observed. These results are in accordance with those of Rowland and Ogden (1992) in highbush blueberry (Vaccinium corymbosum) and Gomes et al. (2010) in strawberry tree (Arbutus unedo). Meiners et al. (2007) reported that zeatin was very effective for shoot induction and shoot elongation of lingonberry (Vaccinium vitis-idaea). Debnath and Mcrae (2002) found that zeatin promoted shoot regeneration from leaves of lingonberry without a callus phase after 3 to 4 weeks of culture with darkness treatment for the first 7 d. Shoot regeneration from shoot tips of 'Camarosa' strawberry required only 1 week of culture without a dark treatment. These differences are likely due to the effect of genotype, explant type, or both.
Some previous reports that compared the effect of cytokinins such as BAP, kinetin, and 2ip on shoot proliferation noted that the best responses were with BAP (Bhatt and Dhar, 2000; Buah et al., 2010; Rahman et al., 2004) . However, BAP can induce hyperhydricity (Declerck and Korban, 1995; Shibli et al., 1997) and to avoid hyperhydricity, BAP should be replaced with 2iP or zeatin, which do not show such effects (Vardja and Vardja, 2001 ). Our results found that zeatin did produce hyperhydricity (Fig. 4A ) but was more effective for regeneration than kinetin and 2ip; kinetin was found to be more effective for regeneration than 2ip. In addition, kinetin promoted shoot elongation more than 2ip. Gomes et al. (2010) obtained the same result for kinetin for strawberry tree after applying kinetin to the medium. In Indian wild strawberry (Fragaria indica), more shoots per explant and more explants producing shoots were achieved with kinetin compared with medium containing 2ip (Bhatt and Dhar, 2000) .
Proliferated shoots of 'Camarosa' strawberry had a high rooting ability; shoots rooted well on cytokinin-free MS medium. This might be due to the high endogenous auxin concentrations found in strawberry plants. Lopez-Bucio et al. (2003) and Lohar et al. (2004) demonstrated that cytokinins inhibit the elongation of roots and formation of lateral roots. High concentrations of cytokinins can inhibit or delay root formation (Ben-Jaacov et al., 1991) . In this study, roots started to emerge in treatments with zeatin after the first subculture. This observation was also documented by Debnath (2005) , who found that shoot proliferation and root development occurred from strawberry sepal explants on 1-and 2-mM zeatin after a 14-d incubation in the dark. In this study, root formation along with shoot proliferation was also observed in the presence of kinetin and 2ip, but the percentage of shoot formation and number of shoots produced per explant were significantly higher in medium with zeatin. From an economical point of view, 2ip and kinetin cost less than zeatin; however, zeatin not only promotes cell division and axillary shoot formation along with root formation, but also prevents leaf and shoot senescence. Therefore, it would be better to use zeatin for shoot multiplication of 'Camarosa' strawberry from shoot tips.
Overall, the results of this study confirmed the importance of TDZ, a substituted phenylurea compound, and zeatin, a substituted adenine compound, as cytokinins to promote shoot regeneration in 'Camarosa' strawberry. Optimum shoot regeneration was achieved on moderate concentrations of these plant growth regulators.
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